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Abstract 
Visual perception is an important aspect of daily life that requires intact oculomotor 
ability (i.e., eye movement) and cognition (i.e., process information). Multiple sclerosis (MS) 
affects both these domains and subsequently may lead to impaired visual perception. To examine 
the relationship between visual perception, cognition, and motor ability, the current study 
examined reaction times and eye movements of individuals with MS across three visual search 
tasks. 19 individuals with MS and 21 age-and-gender-matched healthy controls (HC) were 
administered neuropsychological testing and three eye-tracking tasks of varying cognitive 
difficulty. Task 1 required participants to look at a circle as quickly as possible to measure 
saccade velocity (eye movement speed). Task 2 was a simple visual search task that required 
them to find a green “2” in a matrix of different colored numbers to measure saccade velocity, 
fixation durations (time looking at particular location), and reaction time. Task 3 was a complex 
visual search task in which they searched for an “X” hidden in real-world scenes to measure 
saccade velocity, fixation durations and reaction times. It was found that the MS group had 
significantly longer reaction times than the HC group on both the number search and scene 
search tasks. However, there was no significant difference in saccade velocity or fixation 
durations between the two groups across any of the tasks. These findings indicate that visual 
search is slower in MS regardless of the difficulty level of the task, suggesting that individuals 
with MS need more time to perceive, process, and make decisions about visual information. 
Furthermore, given that there was no difference in saccade velocity, these slowed reaction times 
are likely driven by cognitive impairment more so than oculomotor deficit. 
 
 
Examining the Impact of Cognitive Deficits and Physical Impairments on Visual Perception in 
Individuals with Multiple Sclerosis 
 Multiple sclerosis (MS) is a neurological disorder that affects a relatively wide range of 
functioning, with physical and cognitive abilities being two aspects that have been heavily 
researched and focused on. However, little research has explored the extent to which visual 
perception, or the ability to detect and abstract meaning from visual stimuli, may be impaired. 
Visual perception is vital for completing daily activities such as recognizing objects, navigating 
the environment, and responding to danger, and so it is essential that this system function 
efficiently. This is of relevance for individuals with MS because prior research has identified 
cognitive deficits in visuospatial skills and processing speed that could affect visual perception. 
These two skills are important components of being able to quickly process visual information, 
and so it is likely that they may experience difficulty with visual search and completing cognitive 
tasks with a strong visual component.  
With the advent of new technologies, some researchers have started to use eye tracking to 
more closely examine the interaction of cognition and visual ability in MS using eye movements. 
However, the relationship between cognition and eye movements remains unclear, as vision is a 
complex system that requires proper functioning of both cognitive and physical ability. Visual 
perception requires intact cognition so that the person can make decisions about where to look 
and interpret what they see. It also requires intact physical functioning so that the eyes can make 
frequent, precise movements to gain information about the environment or to quickly look 
towards a stimulus. Because both of these domains can be impaired in individuals with MS, it 
cannot be assumed that deficits in visual perception are due to cognitive impairment, and so it 
remains unclear which factors may be primarily contributing to deficits in visual perception. 
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Therefore, the contributions of both physical and cognitive deficits in abnormal eye movements 
need to be examined in order to gain an understanding of how these domains may impact visual 
perception in individuals with MS. Not only will the use of eye-tracking help to characterize 
visual perceptual deficits and elucidate the underlying causes, but it could also provide clinicians 
and researchers with important diagnostic information about an individual’s cognitive and 
physical ability, which may prove to be a valuable indicator of impairment. 
1.1 Visual Perception 
The visual system is thought to consist of two neural pathways: a ventral stream that is 
integral for visual perception (“what”) and a dorsal stream that plays an important role in guiding 
and understanding actions based on visual input (“how”; Goodale & Milner, 1992; Kravitz, 
Saleem, Baker & Mishkin, 2011). According to this theory, visual perception is the process by 
which information that is gathered by the eyes from the visual field are relayed to the brain so 
that it can be recognized and identified. This process has a strong cognitive component that 
allows us to rely on our memory to efficiently identify and categorize objects based on previous 
experiences (Bruner, 1957). Not only is there a strong cognitive component for identifying 
objects, but after an object has been identified, this information is used to determine where to 
look next or how to react. Thus, this mechanism relies on quick processing and transfer of 
information between the eyes and the brain so that a person can constantly be aware of stimuli in 
their environment and respond to it. Efficiency of this system is vital for daily functioning, as 
humans rely on visual processing for tasks such as learning, reading, driving, and avoiding 
danger. Disruption of this process can result in disorders such as agnosia, in which an individual 
cannot recognize objects (Benson & Greenberg, 1969), prosopagnosia, in which the person 
cannot recognize faces (Damasio, Damasio, & Van Hoesen, 1982), or hemi-spatial neglect, in 
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which the person is unable to attend to half of their visual field (Buxbaum et al., 2004). In each 
of these cases, individuals with these disorders have intact basic vision (no impairment to visual 
acuity), but impaired ability to process information at a higher level, usually due to brain 
damage. These disorders, along with many others, can have debilitating effects on the individual, 
as it can take away their autonomy, disrupt their ability to perform activities of daily living, and 
damage their ability to communicate and interact with other people.  
    
Figure 1. The pathway in which visual information passes from the eyes to the brain 
(Kravitz, Saleem, Baker & Mishkin, 2011).   
 
1.2 Visual Perception and Eye-Tracking  
Because visual perception is such a rapid and complex process, it is necessary to use tools 
that can adequately capture and quantify this ability. One method that is particularly useful for 
studying visual perception is eye-tracking, a common tool utilized in cognitive research that can 
be used to study a wide range of abilities. Eye-tracking contributes to a more sensitive measure 
of cognitive processing, as it is able to capture eye movements at a fast rate. People constantly 
move their eyes so that they can quickly and continuously take in information. The fovea, the 
area of the eye with the strongest visual acuity, only captures a small region of our visual field, 
and so we need to keep moving our eyes so that the fovea can gather detailed information from 
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different regions in our visual environment. Furthermore, these constant eye movements are 
actually necessary for visual perception to occur so that neurons do not adapt to stationary 
objects in the environment, in which case we would be unable to perceive them (Martinez-
Conde,  Machnik, & Hubel, 2004). Because visual perception is such a complex, multifaceted 
process that relies heavily on multiple aspects of cognition, eye-tracking is a valuable tool for 
studying this system and has already been used extensively to study a wide range of visual 
functions such as visual search (Najemnik & Geisler, 2005) and reading (Rayner, 2009). 
1.3 Eye-Tracking, Vision, and Cognition 
Not only is eye-tracking helpful for studying visual perception, but it is also a helpful tool 
for cognition in general. Because eye-trackers gather information while the person is making a 
decision, it can provide information about what specific aspects of the task are distracting or 
more difficult to process. This type of information cannot be reliably gathered using typical 
experimental designs in which the outcome variable is either accuracy or reaction time because it 
does not account for the decision-making process that occurred before the response. By instead 
studying the characteristics of eye movements while someone is completing a task, more 
information can be gained about a person’s cognitive functioning, such as the speed at which 
they are able to move their eyes and the amount of time needed to fixate on a stimulus in order to 
process it (Liversedge & Findlay, 2000). Monitoring eye movements can provide important 
information about cognitive ability because it can be used to detect abnormalities in cognitive 
processing that could be indicative of a particular deficit. For example, eye-tracking has been 
utilized extensively to examine cognitive processing in a wide range of disorders, such as 
dementia (Cruther et al., 2009), traumatic brain injury (Suh, Kolster, Sarkar, McCandliss, & 
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Ghajar, 2006), and schizophrenia (Levy, Holzman, Matthysse, & Mendell, 1994), and has been 
used relatively recently to examine cognitive and visual deficits in MS. 
1.4 MS and Vision 
In terms of visual ability in MS specifically, most of the research in this area has primarily 
focused on examining visual acuity, contrast sensitivity, and optic neuritis. Contrast sensitivity, 
which is the ability to detect differences between light and dark stimuli, in particular has been 
found to be impaired in individuals with MS, as performance on Pelli-Robson charts (which 
measures contrast sensitivity) and Sloan charts (which measures visual letter acuity) were best 
able to differentiate adults with MS from healthy adults out of all visual measures that were 
examined (Balcer et al., 2003). Furthermore, another study found that individuals with MS may 
experience difficulty discriminating letters or other stimuli with low contrast, but this impairment 
may be separate from visual acuity, as those with an impairment in contrast sensitivity did not 
necessarily have impairment to their visual acuity (Regan, Raymond, Ginsburg, & Murray, 
1981). Some of these visual deficits may be caused by optic neuritis, which occurs when there is 
inflammation of the optic nerves that can lead to visual problems. Interestingly, it was found that 
if an individual has optic neurosis, it is likely that they will go on to develop MS (Hutchinson, 
1976), making it a valuable clinical marker for MS, especially in regard to visual ability.  
Recent research has identified anatomical changes that were found to be related to these 
deficits in visual ability. The thickness of the retinal nerve fiber layer has been found to be 
decreased in individuals with MS compared to healthy adults, regardless of whether they also 
had optic neuritis (Pulicken et al., 2007). Similarly, a longitudinal study clearly demonstrated the 
relationship between retinal nerve fiber layer thickness and visual acuity in MS by using optical 
coherence tomography to find that a decrease in visual acuity was associated with thinning of the 
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retinal nerve fiber layer (Talman et al., 2010). Furthermore, retinal nerve fiber thickness has even 
been proposed to be used as a biomarker for MS because of this relationship (Fisher et al., 2006). 
 While general deficits in vision have been thoroughly documented, relatively little 
research has tried to examine visual perception via analyzing and quantify eye movements of 
individuals with MS. Previous research on oculomotor functioning in MS has compared the 
speed and frequency of eye movements to those of healthy adults. One of the earliest studies that 
examined eye-movements in people with MS used an electro-oculogram to study basic 
characteristics of eye movements, such as saccade reaction time, saccade accuracy, and saccade 
velocity, as well as their pursuit movements (Mastaglia, Black, & Collins, 1979). Overall, the 
MS group was more likely to have abnormal eye movements compared to healthy adults. 
Between 44% and 71% of individuals with MS demonstrated abnormal eye movements 
depending on the specific characteristic being measured, with saccade reaction times and 
accuracy being particularly sensitive. Furthermore, it was found that 71% of people with MS had 
abnormal pursuit movements, demonstrating that MS does not only impair visual acuity, but 
oculomotor ability as well in a large proportion of individuals with MS.  
More recent research has specifically used eye tracking to target aspects of cognition 
such as visual working memory. One study found that people with MS had longer saccadic 
latencies, meaning that it took them longer to initiate a movement during the task (Fielding, 
Kilpatrick, Millist, & White, 2009). Interestingly, saccadic latency was correlated with Expanded 
Disability Status Scale (EDSS) scores as well as with performance on the Symbol Digit 
Modalities Test (SDMT). Individuals with MS were also less accurate when prompted to look at 
the location where they remember seeing a stimulus, demonstrating that their visual memory 
may not be as accurate as individuals without MS. This is problematic, as visual working 
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memory is vital for everyday tasks such as remembering the location of important objects or 
learning new information. Visual perception is a core component of visual working memory, and 
so it is possible that deficits in perception may lead to decreased accuracy in visual memory 
tasks. These abnormalities in eye movements indicate that individuals with MS may struggle 
with visual perception and working memory and show the utility of using eye-tracking to 
uncover cognitive deficits in MS.   
Some researchers have also started to examine the relationship between eye movements 
and general disability due to MS, which has resulted in variable conclusions, particularly when 
using the EDSS to measure symptom severity. While one study found that the eye movements of 
individuals with MS were predictive of EDSS scores even during a two year follow-up study 
(Derwenskus et al., 2005), another study did not find a correlation between pursuit ocular-
movements and EDSS scores (De Santi et al., 2011). The results of the latter study could indicate 
that oculomotor ability is not strongly related to disease progression; however, these results may 
also have been found because the EDSS may not provide an accurate, holistic representation of 
MS severity. The EDSS focuses primarily on physical dysfunction (Kurtzke, 1983) and so it may 
not be a good indicator of cognitive impairment (Whitaker, McFarland, Rudge, & Reingold, 
1995), which is an important aspect of MS that could be associated with these slowed eye 
movements. Thus, it is possible that the EDSS is not correlated with oculomotor ability because 
the changes in eye movements may be due to cognitive rather than physical impairment. 
Furthermore, while the EDSS contains a visual functioning component, it generally assesses 
visual acuity and so it does not take visual perception or deficits in eye movements into account. 
 Interestingly, eye tracking has also been proposed as an alternative method to detect and 
diagnose MS. One study found a relationship between abnormal oculomotor ability and 
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disability as measured by the cerebellar and brainstem functional system scores (FSS) that are 
incorporated in the EDSS (Downey et al., 2002). However, this was not found for any of the 
other six functional systems, and the two systems that were related still did not encompass all the 
symptoms the researchers measured that were also found to be related to eye movements. Thus, 
the authors conclude that testing for abnormal eye movements may be a more sensitive way to 
detect MS than simply using measures like the EDSS. While measuring eye movements alone 
may not be the best way to detect MS, it may provide pertinent information that may be missed 
or over-looked by typical measures such as the EDSS and the Multiple Sclerosis Functional 
Composite (MSFC).  
1.5 MS and Cognition 
Studies that have used eye tracking to examine eye-movements in MS have typically 
attributed these abnormalities to deficits in cognitive processing. This is mostly due to the fact 
that individuals with MS are known to have deficits in a wide range of cognitive domains, which 
could potentially affect visual perception. Individuals with MS have been found to have slow 
processing speed, as shown by neuropsychological testing using the Symbol Digit Modalities 
Test (Parmenter, Weinstock-Guttman, Garg, Munschauer, & Benedict, 2007) and the Paced 
Auditory Serial Addition Test (Rosti, Hamalainen, Koivisto, Hokkanen, 2007). Because they are 
slow at processing information, it is possible that this would be reflected in slow eye movements, 
as they might require more time to process visual stimuli. Furthermore, it has also been shown 
that individuals with MS have deficits in visuospatial ability, as one study found that 26% of MS 
participants had deficits in visuoperceptual skills across a wide battery of neuropsychological 
tests (Vleugels et al., 2000). These deficits were not attributed to cognition alone, as visuospatial 
skills were weakly related to both cognitive and physical ability. Few studies have thoroughly 
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examined visuospatial ability in MS, but those that have show that it may be impaired in a 
relatively large portion of individuals (Rao et al., 1991). In addition to deficits in processing 
speed and visuospatial skills, MS has also been found to affect memory (Rao et al., 1993), 
specifically the process of encoding new memories (DeLuca, Barbieri-Berger, & Johnson, 1994), 
as well as attention and executive functioning (Rao et al., 1991).  
1.6 MS, Vision, and Cognition: Cognitive and Physical Components of Eye Movements 
Given that individuals with MS experience a wide range of cognitive deficits and the 
relationship between cognition and eye movements, it is possible that slow or abnormal eye 
movements that have been previously documented using eye-tracking may be due to cognitive 
impairment. However, it is also possible that individuals with MS may be cognitively capable of 
processing information normally, and that they have slower eye movements because of a motor 
deficit that prevents their eyes from being able to move quickly. Physiological studies of basic 
eye movements have found that individuals with MS often have symptoms such as nystagmus or 
problems with gaze-holding that are likely due to damage in areas such as the medulla, 
cerebellum, and the midbrain (Averbuch-Heller, 1999; Frohman, Frohman, Zee, McColl, & 
Galetta, 2005). Because of these findings, it is possible that physical ability can actually account 
for some of these deficits that have been found during eye-tracking tasks. Thus, it may be 
erroneous to assume that abnormal eye movements detected by eye-tracking can be indicative of 
cognitive impairment in MS, as the extent to which physical impairment impacts oculomotor 
ability during tasks of cognition has yet to be examined. Impairment in either domain can cause a 
deficit in oculomotor ability, and so the degree to which deficits in visual perception may be due 
to physical impairment, cognitive impairment, or some combination of both domains remains 
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unclear. Therefore, more research is needed to understand the contribution of physical and 
cognitive impairments in causing slowed eye movements and impairment to visual perception. 
1.7 Significance of Proposed Research  
By studying the eye movements of individuals with MS, we will gain a better 
understanding of how individuals with MS perceive and process visual information in the world 
around them, and whether cognitive or physical deficits may impair their ability to efficiently 
process visual stimuli. People are dependent upon their vision to navigate through their 
environment, and so it is important to determine the extent to which slower eye movements may 
be affecting how they process information in their daily lives. Because eye movements occur so 
rapidly and frequently, individuals with MS may not overtly notice a deficit in their visual 
processing, but may instead complain of other deficits, such as memory impairments or visual 
acuity. Previous research has found that individuals with MS who have impaired contrast acuity 
also report lower quality of life when surveyed, showing that there is an association between 
visual ability and daily activities (Mowry et al., 2009). Similar research focusing on eye 
movements will ultimately provide a better understanding of how well individuals with MS can 
perform everyday tasks that are relatively easy but are dependent upon visual ability, such as 
identifying objects, navigating the environment, reading, or driving. Furthermore, eye-tracking 
could potentially be used as a diagnostic indicator that will provide clinicians with a more 
precise picture of how a patient is functioning, which domains may be impaired, and how their 
daily functioning might be impacted. 
Adding eye-tracking to visual and cognitive tasks will not only provide information about 
how well individuals with MS are able to perform these tasks, but can also implicate potential 
causes for why they perform poorly. People with MS have already been found to perform worse 
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on neuropsychological tests, particularly those of processing speed, but this could be due to 
several factors especially when there is a visual component present. Both cognitive and physical 
factors can affect eye movements, and so studying the cause of these abnormal eye movements 
will allow researchers and clinicians to have a better understanding of the range of deficits that 
are caused by MS, and how various systems in the body interact with each other to affect visual 
perception. Even if oculomotor abnormalities are found to be separate from cognitive and 
physical deficits, this would provide information about what kind of deficits occur independently 
of each other and which deficits tend to co-occur.  
In addition, knowing the extent to which eye movements are impaired and whether it is 
predominantly caused by cognitive ability is important for future research to determine the 
reliability of using eye-tracking to study cognitive processing in individuals with MS. If eye 
movements are found to be associated with physical ability, then eye-tracking may not be a 
reliable measure of cognition, as abnormal eye movements could be mistakenly interpreted as 
difficulty in cognitive processing instead of simply having poor motor reaction times. On the 
other hand, if eye movements are associated with cognition, then eye-tracking could be used as 
an informative physiological tool to implicitly study cognitive processing in MS.  
1.8 Specific Aims 
Aim 1. Examine visual processing in individuals with MS with a specific focus on the speed 
and reaction times of eye movements during visual search tasks.  
Hypothesis 1: It is predicted that the MS group will have slower saccadic velocity than 
the healthy control group in each of the three eye-tracking tasks. 
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Hypothesis 2: The MS group will also have longer fixation durations during the two 
visual search eye-tracking tasks than the control group because they will require more 
time to process stimuli.  
Aim 2. Examine whether abnormal eye movements may be related to cognition or physical 
ability using visual search tasks with varying levels of cognitive difficulty.  
Hypothesis 3: The MS group will have slower saccade velocity during tasks with a 
stronger cognitive component compared to primarily physical eye-tracking tasks.  
Hypothesis 4: The MS group will have longer fixation durations during tasks with a 
stronger, more complex cognitive component compared to simpler eye-tracking tasks. 
Aim 3. Examine the utility of eye tracking for the measurement of cognitive processing 
among individuals with MS.  
Hypothesis 5: It is predicted that abnormal eye movements during visual search will be 
associated with cognition, which would indicate that eye tracking can be used as a 
measure of cognitive ability and not physical ability for people with MS.  
2. Method 
2.1 Participants 
The proposed sample size for this study was 20 individuals with multiple sclerosis as 
determined by the revised McDonald Criteria (2005) and 20 age-matched healthy controls. The 
experimental group was primarily recruited from a database of about 100 individuals with MS 
who have previously participated in research studies and indicated interest in participating in 
future studies. Inclusion criteria include: 
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 Age: Participants in both groups were included if they were between the ages of 21 to 60. 
MS is uncommon among individuals below the age of 21, and individuals above 60 will 
not be included to reduce any effects of aging on cognition.  
 Vision: Participants must have normal or corrected-to-normal vision with the use of 
glasses or contacts (particularly in terms of visual acuity).  
Exclusion criteria:  
 Neurological History: Participants with any other serious head injuries or neurological 
disorders aside from MS will be excluded. 
 Psychological History: Individuals with significant psychiatric illness or documented 
substance abuse will be excluded.  
 MS Exacerbations: Participants were also excluded if they had an MS exacerbation 
within the past 30 days so as to measure their cognitive, physical, and visual ability when 
they are relatively stable.  
Healthy adults were recruited for the control group so that visual search and eye movements 
can be compared between the MS and control groups. This will allow us to determine whether 
the MS group is more likely to make abnormal eye movements in comparison to healthy 
individuals. Participants for the control group were recruited from a database of individuals who 
have previously participated in research studies in the lab, as well as through flyers that were 
distributed in the Philadelphia area. Inclusion criteria for the control group include: 
 Age: Participants were within the ages of 21 and 60 so that participants in both groups 
were in the same age range.  
 Vision: Participants must have normal or corrected to normal vision with the use of 
glasses or contacts (particularly in terms of visual acuity).  
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Exclusion criteria: 
 Neurological History: Participants were excluded if they had any serious neurological 
illness such as MS or if they have had a serious brain injury. 
 Psychological History: Individuals were excluded if they have a history of psychological 
illness or documented substance abuse.  
Power Analysis 
Analyses for this data examined the associations between cognition, physical ability, and 
eye movements. A power analysis was computed in which it was determined that in order to 
achieve a power of approximately 0.8 with a medium effect size, a sample size of 77 participants 
would be required. However, because this is a pilot study, a smaller sample size of 20 individuals 
in each group (40 total) was used. This will allow for a preliminary analysis of visual perception 
in individuals with MS that could help determine the direction of future research in this area. 
Furthermore, studies using a similar visual search design have been published using an even 
smaller sample size (Malcolm & Henderson, 2009), indicating that it is possible to have enough 
power for this type of task, even with a small sample.  
2.2 Measures 
 Questionnaires. Participants were given questionnaires that will help provide self-
reported information about various domains. 
 National Eye Institute Visual Functioning Questionnaire (VFQ) - This is a 25-item 
questionnaire that collects information about the participant’s perceived visual difficulties 
in a range of situations. This provides information about what types of visual problems 
patients with MS report experiencing, and whether they experience more difficulty than 
healthy controls.  
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 Fatigue Severity Scale (FSS) - This brief scale provides a measure of fatigue. This may 
be an important factor to measure, as fatigue could potentially affect the amount of effort 
that participants may exert during testing.  
 Chicago Multiscale Depression Inventory- This questionnaire consists of 42 items that 
assess a participant’s level of depressive symptoms and was particularly developed for 
medical populations. The measure contains three subscales: mood, evaluative, and 
vegetative.  
Vision. General vision ability was measured to ensure that participants do not have any 
major vision impairment that may impact ability on the visual search tasks. 
 Optec Vision Screener- The Optec was used to test visual acuity and color perception. 
This will allow us to ensure that none of the participants have any unreported 
impairments to visual acuity that may exclude them from participating in the study. Color 
perception will also be measured to ensure they have no deficits in color perception that 
could impact performance on the visual search tasks. 
 MARS Letter Contrast Sensitivity Test- This test is a measure of contrast sensitivity, 
which provides additional information about how well participants are able to detect 
changes in color, especially at low contrast, which could also potentially affect 
performance on visual search tasks.  
 Neuropsychological tests. A battery of neuropsychological tests was administered to 
obtain a measure of their cognitive ability across various different domains.  
Visual Perception 
 Spatial Recall Task 10/36 (SPART) - Participants were shown a grid with a design 
consisting of seven dots arranged on a 6x6 grid. After being given 10 seconds to study 
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the pattern, the design was removed and participants were given chips so that they could 
reconstruct the location of the dots on the grid. After a 7 minute delay, participants were 
again asked to recall the location of the dots on the grid using the chips. This provides a 
measure of short and long-term visual memory. 
 Bells Cancellation Task- This test requires the participant to search through an array of 
objects and circle all of the bells that they can find. This tests the person’s ability to 
search and locate objects throughout their visual field, as well as their ability to 
discriminate between different black and white objects.  
 Judgment of Line Orientation Test-This test requires the participant to look at 
lines pointing in various different directions and determine which lines point in 
the same direction. This test measures visual perception and judgment.  
 Visual Form Discrimination Test-This is a test that requires the participant to look 
at four choices and determine which one is the same as the target stimuli. This 
provides a measure of visual perception and discrimination.  
Processing Speed 
 Paced Auditory Serial Addition Test (PASAT 2 & 3) - Participants were asked to listen to 
a series of numbers and then add each consecutive number together in their head. During 
the first trial, each number is read aloud three second apart. In the second trial, the delay 
between each number is reduced to two seconds in between each number. This measures 
the ability to quickly process and manipulate verbal information without the use of visual 
tools. 
 Symbol Digit Modality Task (SDMT)- This task also measures processing speed by 
requiring the participant to match symbols to numbers as quickly as they can using a 
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symbol key. The oral version was used in which participants say the answer out loud, 
which was recorded by the experimenter. This limits the impact of motor ability that may 
delay responses if the participant is required to write the answer.  
Executive Functioning 
 Trail Making Test A & B- Trail Making Test A is a test that requires participants to 
sequence numbers on a piece of paper by drawing lines on the page to connect them. 
Trail Making Test B is more complicated in that the participant must switch back and 
forth between connecting numbers and letters so that they can alternate between 
connecting the numbers and letters as quickly as they can. These tests provide a measure 
of cognitive flexibility, as well as the ability to search and sequence objects.  
Learning and Memory 
 Selective Reminding Test- A test of verbal memory was also given to test the 
participant’s ability to learn a list of words. The list was read to the participant, after 
which they must attempt to recall as many words as possible. When finished, the 
experimenter reads all the words that the participant did not recall, and then provides the 
participant with another chance to recall the entire list. This will occur four more times 
(six times total). After an 11-minute delay, the participant will be asked to recall as many 
words as possible to test long term memory.  
Physical Ability. Aspects of upper and lower extremity functioning will be assessed to 
measure the participants’ motor functioning.  
 Nine-Hole Peg Test (9HPT)- This task requires participants to place pegs into the holes 
as quickly as they can using one hand at a time, which will provide a measure of speeded 
fine motor coordination.  
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 Timed 25-Foot Walking Test (TWT) - Participants are asked to walk for 25 feet as 
quickly and safely as they can. Time to complete the 25-foot walk test will be the 
measure of lower extremity functioning.   
Eye-Tracking Tasks. Three eye-tracking tasks were administered in which participants were 
asked to search for various objects on a screen as quickly as they could. The three tasks varied in 
difficulty so as to measure the cognitive and physical components of eye movements across 
various tasks. These tasks allowed us to quantify participants’ eye movements in order to 
characterize visual perceptual abilities and to be able to determine whether abnormalities in 
visual perception are related to either cognitive or physical ability.  
Task 1 
 The first eye tracking task was a simple visual search task in which participants were 
instructed to look at a black circle on the screen as soon as it appears. The aim of this task is to 
measure characteristics of eye movements during a task that primarily relies on physical ability, 
as there is a minimal amount of cognitive processing required to perform this task. This will 
allow for a comparison between the MS group and the control group for whether the MS group 
has slower eye movements during a predominantly physical task.  
Participants’ eyes were calibrated to an eye tracker that recorded their eye’s position 
every four milliseconds. At the start of each trial, participants were instructed to stare at a 
fixation cross in the middle of the screen which appeared for a randomized length of time that 
was anywhere between 0.5 to 3 seconds long. The trial started with a fixation cross in the center 
of the screen, which then disappeared and was followed by a black circle that appeared at a 
random location on the white screen. Participants were instructed to look at the dot as quickly as 
they could. After the dot disappeared, a new fixation cross appeared before the start of the next 
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trial. There were a total of three practice trials and 40 test trials during which the dot appeared in 
various locations around the screen. Saccade peak velocity (speed of each eye movement) was 
averaged across all trials.  
 
Figure 2. Sample trial for Task 1, in which participants were asked to look at the black circle as 
quickly as possible when the dot appears on the screen.  
 Task 2 
 The second eye-tracking task consisted of a simple visual search task in which 
participants needed to search through a series of numbers on the screen to find the location of a 
green “2”. While still a relatively simple task, it has a greater cognitive component than Task 1, 
as participants have to look at each stimulus and make decisions about whether each object 
meets the specified criteria for each trial. This will allow for a comparison of eye movements 
between both groups when there is a small cognitive component present. 
The stimuli for this task consist of 2’s and 7’s that were either the color red or green. The 
participant was instructed to find the green “2” as quickly as possible in each trial. After locating 
the appropriate target, participants clicked the spacebar on the keyboard while staring at the 
object to mark their response, which ended the trial. Participants in both groups were instructed 
to keep their hand on the spacebar throughout the experiment to minimize impact of motor 
deficits on their reaction times. A new fixation cross then appeared, followed by the next trial. 
Reaction time, fixation durations, and saccadic peak velocity were averaged across trials to 
 
   + 
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determine the speed and frequency of their eye movements. There was a total of 53 trials, the 
first three being practice trials used to acclimate the participant to the task.  
 
Figure 3. Sample trial from Task 2, in which the participant would be instructed to look for a 
green two as quickly as they can among an array of distracters.  
 Task 3 
 The third eye tracking task is a more complex visual search task in which participants 
looked at real world scenes and searched as quickly as they could for a small black “X” 
embedded in each picture. The aim of this task was to examine whether there are differences 
between the MS group and control group when searching through a scene that is more similar to 
their usual visual environment. This task is a more complex, realistic visual search task, as our 
real-world visual field contains a plethora of information that we must sort through in order to 
find specific objects. This type of visual search task has been commonly used in both healthy 
individuals as well as various patient populations (Brockmole & Henderson, 2006; Foulsham, 
Barton, Kingstone, Dewhurst & Underwood, 2009). This task is similar to visual search tasks 
used in previous research that required the participant to search for a letter hidden in a picture of 
a real world scene (Brockmole & Henderson, 2006). The stimuli for this experiment utilized free 
stock photos that were available on the internet. The photographs used were pictures of nature 
scenes, people, buildings, cities, and rooms. The pictures tended to be detailed, busy scenes that 
contained a plethora of distracting information. Pictures were excluded if they were simple (did 
not contain much distracting information), black and white, or taken from a close-up view. This 
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was done in order to ensure that pictures were not too simplistic so that participants needed to 
spend time scanning the picture. The “X” was overlaid onto the picture in a random location so 
that it was hidden (i.e. not in an obvious, easy to find location).  
Each trial began with a fixation cross that appeared in the middle of the screen, which 
was followed by a picture such as a room, building, or nature scene. Once the target stimulus was 
located, participants responded by pressing the spacebar on the keyboard while looking at the 
object so that the location of where they believe the target is would be recorded. This also ended 
the trial and initiated the appearance of a new fixation cross. There was a total of 50 trials (in 
addition to three practice trials at the beginning of the experiment).  
 
Figure 4. Sample trial for Task 3, in which the participant must search for an “X” in the real-
world scene as quickly as they can.  
2.3 Procedures 
 Participants were screened over the phone to ensure that they meet the inclusion and 
exclusion criteria. When they came in for the session, participants read and signed the informed 
consent form approved by the Institutional Review Board at Drexel University prior to beginning 
the study. Participants were then administered the visual testing, followed by the eye-tracking 
tasks, neuropsychological battery, and then the physical measures. Some, but not all, participants 
were mailed home questionnaires to fill out in advance. These forms were collected when they 
came in for the session but only after consent was obtained. This was done for participants who 
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were scheduled far in advance (in which case there was time to mail the materials home). All 
other participants were administered the questionnaires at the end of the testing session. 
3. Results 
Updates to Protocol 
 The proposed total sample size of 40 participants was achieved (19 MS and 21 HC). 
However after enrollment in the study was completed, several participants were excluded from 
eye-tracking analyses due to poor eye-tracking quality. Therefore the final sample size used in 
the eye-tracking analyses is smaller than the proposed sample size.  
 One change that was made from the proposed data analyses is that saccade latency was 
not analyzed. Saccade latency was proposed as an additional measure to examine oculomotor 
reaction time at the start of the task. However, given the poor calibration found for most 
participants (described in detail below), it was decided that this may not be a reliable measure. If 
the eye-tracker did not record every saccade, then it is possible that the first saccade recorded 
may have not been the first saccade the participant made. This would result in longer, inaccurate 
saccade latencies, and so this variable was not analyzed. However saccade velocity was analyzed 
and thought to be a better, more reliable measure of oculomotor function because it is an average 
of all saccades across trials within each task.  
 Another change that was made was in the second eye-tracking task (number search). It 
was originally proposed that there would be four blocks of trials that varied in how many stimuli 
were present in the number matrix (i.e. block 1 consisting of trials with a 3x3 matrix, block 2 
consisting of 5x5 matrices, etc). However, given that the length of the study was already 
estimated to be about three hours, it was decided that there was not enough time to include 
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additional blocks that would prolong the length of the study. This was particularly a concern 
because individuals with MS often suffer from fatigue, which could interfere with their 
performance if the experiment was too long. Therefore it was decided to only have one block of 
trials consisting of a 5x5 matrix due to this time constraint.  
Participants  
 Participants consisted of 19 individuals with MS and 21 healthy control (HC) adults. The 
MS and HC groups were similar in age, years of education, sex, and race. Specifically, the MS 
group had an average age of 47.63 years (SD=8.44) and 15.79 years of education (SD=1.96). 
They were predominantly Caucasian (Caucasian =12, African American = 4, Asian = 2, other 
=1) and female (Female = 17, Male = 2). The HC group had a mean age of 46.10 (SD=10.89) 
and had 16.14 (SD = 2.17) years of education. They were also predominantly Caucasian 
(Caucasian = 12, African American = 6, Hispanic = 2, other = 1) and female (Female = 19, Male 
= 2).  
The MS sample consisted of 15 individuals with relapsing remitting MS, 3 with 
progressive relapsing MS, and 1 with secondary progressive MS. The average number of years 
since diagnosis was 15.83 (SD = 7.79, Range: 3 to 28). The average number of years since 
symptom onset is 17. 17 (SD = 10.39, Range: 1 to 33). The MS group had a mean Multiple 
Sclerosis Functional Composite (MSFC) score of -.48 (SD = .94, Range: -2.32 to 1.02). The 
MSFC was calculated using the NMSS Task Force normative data.  
Cognitive and Physical Variables 
 To examine the extent to which the MS group was impaired, independent samples t-tests 
were calculated between the MS and HC groups for each of the cognitive and physical tests 
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administered. The Holm-Bonferroni method was applied for the 15 tests to minimize the risk of 
Type I error. The average time to complete the Timed 25-Foot Walking Test (lower extremity 
functioning) was significantly slower in the MS group (M = 11.94, SD = 6.72) than the HC group 
(M = 5.57, SD = 1.38), t(18.23) = 3.95, p = 0.015. Of note, while no other t-test produced a 
corrected p-value less than 0.05, two tests were marginally significant. There was a marginally 
significant difference between the MS and HC group in time needed to complete the Bells 
Cancellation Test (measure of visual scanning and processing speed), t(36) = 2.95, p = .09, and  
the Nine Hole Peg Test (upper extremity motor functioning), t(17.50) = 3.29, p = .06.  
The testing data indicates that the MS sample in this study are impaired in terms of motor 
ability (Timed Walking Test and Nine-Hole Peg Test), which is a common deficit in MS. People 
with MS also typically demonstrate deficits in processing speed, but there was only a marginally 
significant difference between groups on one visual processing speed measure (Bells 
Cancellation Test-Time). Taken together, this indicates that this sample is representative of 
individuals with MS in terms of motor ability, though they appear to be on the milder end of the 
spectrum of cognitive impairment given that there were no large differences between groups (see 
Table 2 for full testing results).  
Task 2 and Task 3 Reaction Times 
 Reaction times were compared between the MS and HC groups for the number search 
task (Task 2) and the scene search task (Task 3) to determine whether the MS group had slower 
visual processing than the HC group. Reaction time was not measured for the basic search task 
(Task 1) because it was not a timed, decision-making task that required a response (i.e. 
participants simply looked at a circle that appeared in each trial). Reaction times for the number 
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search and scene search tasks were transformed into z-scores using the mean of all participants 
for each task. Z-scores of reaction time were used due to the large difference in variability of 
scores between the two tasks. The Holm-Bonferroni method was then applied to adjust p-values 
for the three ANOVAs computed for the eye-tracking variables. Using a 2 x 2 mixed ANOVA, it 
was found that there was a significant main effect of group, F(1, 37) = 7.24, p = .03, in that the 
MS group had slower reaction times than the HC group (see Table 3 for list of means and 
standard deviations). There was no significant main effect of task, F(1, 37) = 0.01, p = 1, because 
reaction times were converted into z-scores so that the average reaction time for each task was z 
= 0. There was no significant interaction between task and group, F(1, 37) = 2.11, p = .48 (Table 
4).  
Eye-Tracking Quality 
 A total of 40 participants were run through the three eye-tracking tasks, but several 
people were excluded from analyses either due to technical difficulties or poor calibration 
quality. For three participants, the eye-tracker malfunctioned and stopped collecting data. All 
eye-tracking data was lost for one participant and partial data was lost for two participants. The 
partial data that was recovered for these two individuals was included in data analyses.  
Calibration quality was evaluated using two variables: non-fixation time and out of 
bounds proportion. Non-fixation time is the proportion of trial durations that was not recorded as 
fixations. This is calculated by totaling the durations of all the fixations in each trial and dividing 
it by the total trial time. This is then subtracted from 1 to determine whether fixations were 
missing for a significant portion of each trial averaged across each task. While a small portion of 
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this non-fixation time would be due to saccade durations, a high non-fixation time would 
indicate that there are missing fixations that were not recorded.  
The out of bounds variable is the proportion of time that the participant’s fixations were 
recorded outside the bounds of the screen. Since the participant should have been looking at the 
screen for most of the experiment, a high out of bounds proportion suggests that the eye-tracker 
was not accurately recording the gaze location. Participants were excluded if they had an average 
non-fixation time of .20 or more (meaning that their fixations were not recorded greater than 
20% of the task) and if they had an out of bounds proportion of .10 or more (meaning their 
fixations were out of bounds of the screen for greater than 10% of the task). One additional 
person was excluded because they were unable to be calibrated and 100% of their fixations were 
out of bounds of the screen, even though their non-fixation time was less than the 20% threshold. 
Eye-tracking quality seemed to decline throughout the course of the experiment, as three 
individuals were removed from analyses for Task 1, four from Task 2, and ten from Task 3.  
Saccade Peak Velocity 
 Saccade peak velocity was measured to determine whether the MS group had slower eye 
movements (indicative of oculomotor impairment) compared to the HC group. A 2 x 3 mixed 
ANOVA with a Holm-Boneferroni correction was calculated to examine whether there were 
differences in average peak saccade velocity between the two groups across the three eye 
tracking tasks (Table 3). The assumption of sphericity was violated and so the Greenhouse-
Geisser correction was used. There was no significant main effect of task, F(1.49, 40.42) = .48, p 
= 1, or group, F(1, 27) = 1.35, p = .78 (Table 4). There was no significant interaction between 
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task and group, F(1.49, 40.42) = .030, p =1. This indicates that the MS group did not have slower 
eye movements than the HC group across the three tasks. 
Fixation Durations 
 To test the hypothesis of whether individuals with MS have longer fixation durations than 
the HC group during the number search and scene search tasks, a 2 x 2 mixed ANOVA was 
calculated to compare the mean fixation durations of both groups (Table 3) and p-values were 
adjusted using the Holm-Bonferroni method. Fixations during the basic search task (Task 1) 
were not analyzed because the primary goal of that task was to determine how quickly they could 
move their eyes to a single target. On the other hand, the number and scene search tasks involved 
processing more complex visual stimuli and included a decision-making component. It was 
found that there was no significant main effect of task, F(1, 27) = 2.24, p = .45, or group, F(1, 
27) = 1.68, p = .63 (Table 4). There also was no significant interaction between task and group, 
F(1, 27) = 4.45, p = .12. 
Reaction Times and Saccade Peak Velocity 
Two hierarchical linear regressions were computed (one examining Task 2 reaction times and 
the second for Task 3 reaction times) to compare whether group accounted for a significant 
portion of the variance in reaction time while controlling for oculomotor speed (saccade peak 
velocity). First, a model was created with saccade peak velocity as the predictor variable and 
Task 2 reaction time as the outcome variable. Saccade peak velocity did not account for a 
significant amount of variance in reaction times, F(1, 33) = 1.09, p = .31, R
2
 = .03. A second 
model was created in which group was added as a predictor variable. It was found that after 
controlling for saccade peak velocity, group accounted for 23.7% of the variance in reaction 
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times, F(1, 32) = 8.61, p < 0.01, R
2
 = .24. The same models were computed using Task 3 
reaction times as the dependent variable. The first model included saccade peak velocity as the 
predictor and did not account for a significant portion of the variance in reaction times, F(1, 27) 
= .38, p = .54, R
2
 = .01. The second model added group as a predictor variable, but the model did 
not account for a significant portion of reaction time variance, F(1, 26) = .01, p = .93, R
2
 = .01. 
These results indicate that for both Task 2 and Task 3, saccade peak velocity does not predict 
reaction time. However, group is only a significant predictor during the simple number search 
task, but not for the complex scene search task.  
4. Discussion 
 The aim of this pilot study was to utilize eye-tracking and neuropsychological testing to 
examine the impact of MS on visual perception. The results of this study indicate that visual 
search is impaired in individuals with MS. They had significantly longer reaction times across 
both the number and scene search tasks, suggesting that they required more time to perceive and 
process visual information. There was no significant difference in saccade peak velocity, 
indicating that slowed visual search is not due to oculomotor impairment. Therefore slowed 
visual search may be due to cognitive deficits rather than motor impairment.  
 In terms of slowed visual processing, the MS group had slower reaction times than the 
HC group across both search tasks (Task 2 and Task 3). Task 2 was the simple number search 
task in which participants had to distinguish between two numbers (“2” vs.”7”) and two colors 
(red vs. green) to locate a green “2” embedded in a matrix of numbers. Task 3 was the complex 
scene search task of searching for an “X” in a real-world scene. The MS group required more 
time to process stimuli on these speeded visual search tasks, indicating that MS may have an 
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impact on the individual’s ability to quickly perceive, interpret, and make decisions about visual 
stimuli. There was no interaction between group and task, suggesting that visual search ability 
was not impacted by the type of task more than would be expected in a healthy adult.  
 While there was a significant difference between groups in terms of reaction time, there 
was no significant difference in saccade peak velocity between the two groups. This suggests 
that participants across both the MS and HC groups were able to move their eyes at about the 
same speed. Additionally, there was no interaction between group and task. This includes Task 1, 
in which participants simply looked at a single circle that appeared on the screen as quickly as 
possible. Though it was hypothesized that individuals with MS would have slower saccade 
velocity, oculomotor ability did not significantly differ from the HC group across any of the 
three tasks. Therefore, the difference in reaction time on the number and scene search tasks is 
likely not due to difficulty moving one’s eyes across the screen and is possibly due to slowed 
cognitive processing instead.  
 There was no significant difference in fixation durations between groups for the number 
search and scene search tasks. While it was hypothesized that fixation durations would be longer 
for the MS group than the HC group, this appeared not to be the case. This would suggest that 
individuals with MS possibly do not need more time to perceive individual portions of the 
picture. In that case, longer reaction times could possibly be due to slowed interpretation and 
decision making as opposed to basic visual perceptual difficulty. However given the poor eye-
tracking quality in this study, it is also possible that the data was not sensitive enough to capture 
subtle differences in fixation durations between the groups. 
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It was also hypothesized that fixation durations would be longer for scene search than 
number search because it was intended to be a more cognitively complex task. In eye-tracking 
research, longer fixation durations are typically thought to be indicative of greater difficulty due 
to the complexity or density of the stimuli (Vlaskamp & Hooge, 2006). The scene search task 
was thought to be more complex because real world scenes are often disorganized, contain more 
stimuli, and could potentially have stimuli that are difficult to identify. On the other hand, the 
number search task is an organized matrix in which they must discriminate between only two 
colors and two numbers. However it cannot be known whether the scene search task is truly 
more cognitively complex as there may have been other factors that influenced performance. 
Other factors aside from cognition include saliency, memories, emotions, or distracting thoughts. 
Thus the scene search task may not necessarily be more complex cognitively, potentially 
explaining why there was no significant difference in fixation durations between tasks. Though it 
may not have been more complex for the intended reason, this task still provides valuable insight 
into functional visual search. When we scan our environments as part of daily life, we are often 
discriminating between ambiguous objects that could elicit memories or distracting thoughts. 
Therefore it is still valuable to examine performance on this type of task to understand how this 
combination of factors (i.e. cognitive deficits, thoughts, memories, etc) could impact efficiency 
in daily visual search.  
 While the scene search task has more face validity because it requires scanning a real-
world scene, the stimuli are less controlled and more variable from each other. Previous research 
has found that denser arrays of visual stimuli result in longer fixation durations (Bertera & 
Rayner, 2000). However it is not the case that all stimuli (and every region of each stimulus) 
were denser or more complex than stimuli in the number search task. Moving forward from this 
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pilot study, future research should seek to replicate the experiment to ensure the reliability of the 
fixation duration and saccade findings. Furthermore, it may be useful to examine differences 
between controlled stimuli of varying levels of difficulty. For example, the number search 
stimuli in the current study were constructed as a 5x5 matrix of numbers, but it may be useful to 
examine how individuals with MS perform when examining different density matrices (i.e. 2x2 
vs. 5x5 vs. 10x10). Examining visual search across varying levels of density would provide a 
more controlled method for examining the impact of increased cognitive complexity.  
 There are a few limitations that impact the generalizability of this preliminary study. One 
limitation is that this study had a small sample size and may not be an accurate representation of 
the MS population. A larger sample size is needed to increase the power of the study, but 
recruiting individuals with MS can be difficult given the physical and cognitive deficits that 
impact mobility. Having a large sample size is also important when studying MS because it is a 
highly variable disorder in terms of cognitive and motor symptoms. Based on the analyses of the 
cognitive variables, our sample overall appears to be on the mild end of cognitive impairment 
because there were not many large differences between groups. This could explain why there 
were no significant differences in the eye-tracking variables between groups. Future research 
should not only seek to increase the sample size, but should also target individuals with more 
severe impairment. Averaging performance on these tasks may result in an overestimate of visual 
search in those with severe impairment and an underestimate for those with mild cognitive 
impairment. Recruitment of MS along the full spectrum of disease severity is needed to 
understand how visual perception and visual search is impacted as MS progresses.  
 One concern that arose during the study is the feasibility of eye-tracking research in this 
population. A common symptom of MS is fatigue, which impacts their willingness and ability to 
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participate in a relatively time-consuming study. This is particularly concerning during the eye-
tracking task, when they are instructed to minimize how much they shift their position to ensure 
good eye-tracking quality. This could cause physical discomfort for those with severe motor 
impairment or pain. However all participants were able to complete the eye-tracking experiment, 
indicating that this type of research is feasible in this population. Future research should try to 
limit the length of the eye-tracking portion or insert breaks so that participants can readjust their 
position and/or alleviate fatigue.  
Another limitation of this study is the technical difficulties encountered with the eye-
tracker that resulted in poor data quality. It is possible that the eye-tracker was not sensitive or 
accurate enough to detect subtle differences between the two groups. However, steps were taken 
to exclude participants whose data did not meet certain quality criteria to minimize the risk of 
analyzing misleading data. Furthermore, data analysis focused on eye-tracking variables that 
relied on averages across trials as opposed to variables that were dependent upon a single 
specific eye movement in each trial (i.e. saccade latency). These types of variables may not be as 
reliable if the eye-tracker did not consistently track every eye-movement in each trial. Still, poor 
data quality could explain why significant differences were found for reaction time but not for 
either eye-tracking variable (fixation duration and saccade peak velocity). Given that data quality 
declined as the experiment progressed, this problem could be addressed in the future by re-
calibrating the eye-tracker in between each task. This could result in better eye-tracking quality 
and would also provide participants a chance to readjust their position and take a break to 
prevent fatigue.  
Despite these limitations, this study provides preliminary insight into how visual search is 
impacted by MS, as well as the feasibility of eye-tracking research in this population. The MS 
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group required more time to locate stimuli in the number and scene search tasks, suggesting that 
individuals with MS need more time to process and make decisions about visual information. It 
is unlikely that slowed visual search is due to motor deficits, as there was no significant 
difference between groups in saccade velocity. Taken together, these results indicate that visual 
perception, and specifically visual search, is impaired in individuals with MS and is likely 
impacted by cognitive deficits more so than oculomotor deficits. 
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Table 1 
List of variables for each eye tracking task 
Task Variables 
Task 1  Saccade Peak Velocity 
Task 2  Saccade Peak Velocity 
 Fixation Durations 
Task 3  Saccade Peak Velocity 
 Fixation Durations 
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Table 2 
Independent Samples t-tests of Cognitive and Physical Variables between MS and HC Groups 
 Group     
 Multiple Sclerosis  Healthy Control     
 M SD n  M SD n t df p 
Corrected 
p 
Selective Reminding 
Test-Immediate 
54.89 8.28 18  54.52 8.21 21 .14 37 .89 1 
Selective Reminding 
Test- Delay 
9.44 2.48 18  9.67 2.52 21 -.28 37 .78 1 
Paced Auditory Serial 
Addition Test- 3 sec 
43.39 13.95 18  47.95 9.32 21 -1.22 37 .23 1 
Paced Auditory Serial 
Addition Test- 2 sec 
33.61 14.15 18  36.29 10.98 21 -.66 37 .51 1 
Spatial Recall Test-
Immediate 
21.56 5.48 18  20.43 5.08 21 .66 37 .51 1 
Spatial Recall Test- 
Delay 
7.61 2.09 18  7.86 1.80 21 -.40 37 .70 1 
Symbol Digit 
Modalities Test 
51.17 12.67 18  59.29 11.69 21 -2.08 37 .04 .6 
Bells Test- Number 
Correct 
33.33 1.41 18  33.62 1.83 21 -.54 37 .59 1 
Bells Test- Time 160.11 49.02 18  119.75 34.90 21 2.95 36 .006 .09 
Visual Form 
Discrimination Test 
14.67 1.46 18  14.62 1.28 21 .11 37 .91 1 
Judgment of Line 
Orientation 
22.83 6.40 18  22.43 4.63 21 .23 37 .82 1 
Trail Making Test A 32.69 17.81 18  26.74 14.52 21 1.15 37 .26 1 
Trail Making Test B 80.56 49.44 18  60.59 33.53 21 1.49 37 .14 1 
Timed 25-Ft Walking 
Test 
11.94 6.72 18  5.57 1.38 21 3.95 
18.2
3 
.001 .015* 
Nine Hole Peg 
30.05 12.54 18  20.24 1.64 21 3.29 
17.5
0 
.004 .06 
Note: * p < .05, **p < .01, ***p < .001 
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Table 3 
Means and Standard Deviation for Task 1, 2, and 3 
Group  Task 1 
M (SD) 
Task 2 
M (SD) 
Task 3 
M (SD) 
MS Reaction Time (ms) - 1649.58 (391.98) 38452.04 (24528.02) 
 Saccade Peak Velocity 
(deg/sec) 
359.27 (190.71) 378.49 (132.80) 368.69 (103.88) 
 Fixation Durations (ms) - 283.86 (78.09) 291.71 (48.67) 
     
HC Reaction Time (ms) - 1335.73 (204.33) 28534.42 (22527.88) 
 Saccade Peak Velocity 
(deg/sec) 
320.19 (98.24) 343.79 (85.96) 322.92 (54.31) 
 Fixation Durations (ms) - 339.20 (89.01) 292.91 (42.75) 
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Table 4 
Mixed ANOVA’s for Reaction Times, Saccade Peak Velocity, and Fixation Durations 
  
 F df p Corrected p 
Reaction Times     
     Task .01 1, 37 .91 1 
     Group 7.24 1, 37 .01 .03* 
     Task*Group 2.11 1, 37 .16 .48 
Saccade Peak Velocity     
     Task .48 1.49, 40.42 .57 1 
     Group 1.35 1, 27 .26 .78 
     Task*Group .03 1.49, 40.42 .94 1 
Fixation Durations     
     Task 2.24 1, 27 .15 .45 
     Group 1.68 1, 27 .21 .63 
     Task*Group 4.45 1, 27 .04 .12 
Note: * p < .05, **p < .01, ***p < .001 
p-values corrected using the Holm-Bonferroni method. Reaction times and fixation durations 
analyzed for Task 2 and Task 3, while saccade peak velocity was measured for Task 1, Task 2, 
and Task 3.  
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